Aims. The composition of planetary solids and gases is largely rooted in the processing of volatile elements in protoplanetary disks. To shed light on the key processes, we carry out a comparative analysis of the gas-phase carbon abundance in two systems with a similar age and disk mass, but different central stars: HD 100546 and TW Hya. Methods. We combine our recent detections of C 0 in these disks with observations of other carbon reservoirs (CO, C + , C 2 H) and gas mass and warm gas tracers ( and C/O>1. We discuss evidence that the gas-phase C and O abundances are high in the warm inner regions of both disks. Our analytical model, including vertical mixing and a grain size distribution, reproduces the observed [C]/[H] gas in the outer disk of TW Hya and allows to make predictions for other systems.
Introduction
Several protoplanetary disks have been found to be depleted of gas-phase CO. This is generally understood to result from the freezeout of molecules in the midplane and from CO photodissociation in the disk atmosphere (Dutrey et al. 1996 (Dutrey et al. , 1997 (Dutrey et al. , 2003 van Zadelhoff et al. 2001; Chapillon et al. 2008 Chapillon et al. , 2010 . Studies that account for these processes have suggested that the gas is genuinely underabundant in carbon in the disks around HD 100546 and TW Hya (Bruderer et al. 2012; Bergin et al. 2013; Favre et al. 2013; Du et al. 2015) . We revisit the gas-phase carbon abundance in these disks, including new detections of far-infrared [C i] lines in the analysis, and present an analytical model for describing the volatile loss.
The solar elemental carbon abundance is [C]/[H] = 2.69 × 10 −4 (Asplund et al. 2009 ), while the gas-phase abundance in the diffuse interstellar medium is [C]/[H] gas = (1 − 2) × 10 −4 (Cardelli et al. 1996; Parvathi et al. 2012) . Several tens of percent of interstellar elemental carbon is locked in refractory solids. Processes affecting the gas and solid carbon budget in disks include the conversion of gas-phase CO into hydrocarbons (e.g. Aikawa et al. 1999; Furuya & Aikawa 2014; Bergin et al. 2014 ); Based on observations collected at the European Organisation for Astronomical Research in the Southern Hemisphere under ESO programmes 093. C-0926, 093.F-0015, 077.D-0092, 084.A-9016, and 085.A-9027. the freeze out of CO and other carrier molecules (Öberg et al. 2011) ; the transformation of this icy reservoir into complex organic molecules in cold regions (van Dishoeck 2008; Walsh et al. 2014b) ; and the vertical transport and oxidation of carbonaceous solids in warm gas (Lee et al. 2010) . In our models, we explicitly treat only the first two processes, but we argue that information about the rest can also be inferred if the carbon abundance in a disk atmosphere is determined.
The composition of a giant planet atmosphere is determined by the gas and dust in the formation or feeding zone of the planet; and by accreted icy planetesimals (Pollack et al. 1996; Chabrier et al. 2014) . Formation by gravitational instability involves dust evaporation and leads to planets with roughly stellar atmospheric abundances. Core accretion, however, leads to an atmospheric composition determined by the local gas composition, with a potentially large contribution from ablated planetesimals. Determining the gas-solid budget of volatiles in disks is then important for understanding the potential diversity of giant planet atmospheres, but also for using statistics of planetary compositions as a test of planet population synthesis models (e.g. Pontoppidan et al. 2014; Thiabaud et al. 2015) . The gassolid budget of carbon in a disk may even determine whether or not planets forming in it are habitable from a geophysical viewpoint (Unterborn et al. 2014 ).
This study is part of the project "Disk Carbon and Oxygen" (DISCO), aimed at studying the abundance and budget of key elements in planet-forming environments.
Observations
Deep integrations of the [C i], CO, C 2 H and HCO + transitions, listed in Table 1 , towards TW Hya and HD 100546 were obtained with the single-pixel FLASH (Heyminck et al. 2006 ) and 7-pixel CHAMP + ([C i] 2-1, CO 6-5) receivers on APEX . Observations of TW Hya (ESO proposal E-093.C-0926A, PI M.Kama) totalled 9.1 hours in September 2014, with a typical water vapour column of PWV ≈ 1.4 mm. HD 100546 (Max Planck proposal M0015 93, PI E.F.van Dishoeck) was observed from April to July 2014, with PWV ≈ 0.75 mm. The backends were AFFTS (with a highest channel resolution of 0.18 MHz or 0.11 km s −1 at 492 GHz) and XFFTS (FLASH, 0.04 MHz or 0.02 km s −1 ). Initial processing was done using the APECS software (Muders et al. 2006) . Inspection, baseline subtraction and averaging were done with GILDAS/CLASS 1 . Telescope parameters were obtained from Güsten et al. (2006) . The kelvin to jansky conversion and main beam efficiency at 650 GHz (CHAMP + -I) are 53 Jy K −1
and 0.56, respectively. At 812 GHz (CHAMP + -II), they are 70 Jy K −1 and 0.43. At 491 GHz (FLASH460), the conversion factor is 41 Jy K −1 and η mb = 0.73. The [C i] detections shown in Fig. 1 and the CO 6-5 detections were presented, but not analyzed in detail, as part of a large survey in Kama et al. (2016) . Notes. Uncertainties are at 1 σ and upper limits at 3 σ confidence. The quantum numbers for C 2 H are N, J, F.
Supplementary archival optical spectra were used to perform a chemical abundance analysis of the photosphere of HD 100546. Spectra from FEROS (Kaufer et al. 1999) were extracted from the ESO Science Archive. FEROS is an echelle spectrograph mounted on the MPG/ESO 2.2m Telescope in La Silla. The instrument has a resolving power of R∼48000 and covers a wavelength range of 360-920 nm in 39 spectral orders. The spectra were obtained in projects E-077.D-0092A, E-084.A-9016A, and E-085.A-9027B, in June 2006, March 2010, and May-June 2010, respectively. The reduced spectra extracted from the ESO Science Archive were continuum normalized by fitting a low order polynomial through carefully selected points. This was done for the individual spectral orders independently, then the normalized spectra were merged. The 10 available observations were co-added to boost our final S/N, since no variability was found in the spectra outside of emission lines. The 1 http://www.iram.fr/IRAMFR/GILDAS derivation of photospheric abundances from these data is described in Appendix A. 
The sources
Both of the targeted disks are relatively old (τ ∼ 10 Myr) and have a similar dust mass (M dust ∼ 10 −4 M ). The stellar effective temperatures and luminosities are very different, however -4110 K and 0.28 L for TW Hya and 10390 K and 36 L for HD 100546 -providing an opportunity to compare two similar, isolated disks with a very different average dust temperature. The properties of both sources are summarized in Table 2 .
HD 100546 is a (2.4 ± 0.1) M disk-hosting star of spectral type B9V, with an estimated age of 10 Myr (van den Ancker et al. 1997) . The distance, measured with Hipparcos, is 97 ± 4 pc (van Leeuwen 2007) . For its stellar properties and spectrum, including X-ray and UV, we adopt the values of Bruderer et al. (2012, and references therein) . We note that the observed total luminosity of HD 100546, 36 L , is larger than the (25±7) L obtained from the photospheric abundance analysis in Appendix A, where the FUV data were not included.
The observable dust mass is ≈ 10 −4 M Wilner et al. 2003; Panić & Hogerheijde 2009; Mulders et al. 2011 Mulders et al. , 2013 . Micron-sized grains are observed out to 1000 au (Pantin et al. 2000; Augereau et al. 2001; Grady et al. 2001; Ardila et al. 2007) , while millimetre-sized grains are abundant within 230 au and the molecular gas, traced by CO isotopologs, extends to 390 au (Panić & Hogerheijde 2009; Panić et al. 2010; Walsh et al. 2014a ). The dust disk inclination is 44
• ± 3
• . Large dust grains are depleted inside of 13 au, and again from 35 to 150 au (e.g. Bouwman et al. 2003; Walsh et al. 2014a) , with a small inner disk from 0.26 to 0.7 au containing 3 × 10 −10 M of dust (Benisty et al. 2010; Panić et al. 2014) . The inner hole and outer gap are consistent with radial zones cleared partly of material by two substellar companions (Walsh et al. 2014a ).
TW Hya is considered to be a K7 spectral type pre-main sequence star with a mass of 0.8 M , radius 1.04 R , T eff = 4110 K and a luminosity 0.28 L ; although there is some debate regarding these parameters (e.g. Vacca & Sandell 2011; Andrews et al. 2012; Debes et al. 2013 ). The distance is (55 ± 9) pc (van Leeuwen 2007) and the age ∼ 8-10 Myr (e.g. Hoff et al. 1998; Webb et al. 1999; de la Reza et al. 2006; Debes et al. 2013) .
The disk gas mass was recently estimated from HD emission to be 0.05 M (Gorti et al. 2011; Bergin et al. 2013 ). An inner disk extends from 0.06 to 0.5 au, followed by a radial gap in continuum opacity out to 4 au (Calvet et al. 2002; Eisner et al. 2006; Hughes et al. 2007; Akeson et al. 2011; Andrews et al. 2012) . The disk extends to 280 au in scattered light, while the large grains are seen only out to 60 au in 870 µm emission and the CO gas is within 215 au . The inclination is 7
• ± 1 • (Qi et al. 2004; Hughes et al. 2011; Andrews et al. 2012; Rosenfeld et al. 2012) . Scattered light imaging with HST at 0.5 to 2.2 µm reveals a 30% intensity gap in the radial brightness distribution at ∼ 80 au, consistent with a 6 to 28 M ⊕ companion . Another gap has recently been suggested at ∼ 20 au (Akiyama et al. 2015) .
The accretion luminosity is estimated to be 0.03 L , but estimates of the accretion rate vary from 4 × 10 −10 to 4.8 × 10 −9 M yr −1 (Muzerolle et al. 2000; Batalha et al. 2002; Kastner et al. 2002; Debes et al. 2013) . The X-ray luminosity is 1.4 × 10 30 erg s −1 , originating in a two-temperature plasma with a main peak at T X = 3.2 × 10 6 K and a secondary at 3.2 × 10 7 K (Kastner et al. 2002; Brickhouse et al. 2010 ).
Overview of the spectra
The CO 6-5, [C i] 1-0 and HCO + 4-3 transitions are detected towards both TW Hya and HD 100546, while C 2 H is detected only towards TW Hya (Table 1) . The [C i] 1-0 spectra are shown in Fig. 1 . The emission towards HD 100546 is double-peaked, with symmetric peaks for [C i] and a slightly stronger blue-than redshifted peak for CO 6-5, consistent with previous CO observations (e.g. Panić et al. 2010) and with the inclination. Based on an extended scattered light halo and single-peaked [C ii] emission, a compact, tenuous envelope is thought to surround the HD 100546 disk (Grady et al. 2001; Bruderer et al. 2012; Fedele et al. 2013b ). The CO 6-5 and [C i] 1-0 lines are double-peaked, indicating they are not contaminated by the envelope. As described in Appendix B, we used a set of offset pointings to further verify that the CO 6-5 and [C i] 1-0 transitions do not have a substantial envelope emission contribution. The line profiles towards TW Hya are single-peaked and narrow, consistent with its low inclination. The [C i] line peaks at 2.7 ± 0.3 km s −1 (3 σ), consistent with the canonical systemic velocity of 2.86 km s −1 . The C 2 H line fluxes for TW Hya are consistent with those from Kastner et al. (2014 Kastner et al. ( , 2015 .
The detections of [C i] 1-0 represent the first unambiguous detections of atomic carbon in protoplanetary disks in the farinfrared. The line was detected previously towards DM Tau by Tsukagoshi et al. (2015) and Kama et al. (2016) , however it is single-peaked and narrower than the double-peaked CO profiles seen from that source, which suggests contamination by a compact residual envelope and requires further follow-up.
Our new data, listed in Table 1 , were supplemented with continuum and spectral line data from the literature, listed in Appendix C.
Analysis
To derive the gas-phase abundance of elemental carbon ([C]/[H] gas ), we have run source-specific model grids using the 2D physical-chemical code, DALI (Bruderer et al. 2009 (Bruderer et al. , 2012 Bruderer 2013) . The code uses Monte Carlo radiative transfer to determine the dust temperature. The gas-grain chemistry in each grid cell is then solved time-dependently. For the grain surface chemistry, only hydrogenation is considered. The steady-state heating-cooling balance of the gas is determined at each timestep. We let the chemistry evolve to 10 Myr to match the ages of the two disks. The disk structure is parameterized as shown in Fig. 2 . We denote the gas-to-dust mass ratio as ∆ gas/dust . The dust consists of a small (0.005-1 µm) and large (0.005-1 mm) grain population. The surface density profile is a power law with an exponential taper:
Σ gas and Σ dust extend from the dust sublimation radius R sub to R out and can be independently varied inside the radius R cav with the multiplication factors δ gas and δ dust . Dust is depleted entirely from R gap to R cav . The scaleheight angle, h, at distance r is given by h(r) = h c (r/R c ) ψ . The scaleheight is then H = h · r, and the vertical density distribution of the small grains is given by
where f is the mass fraction of large grains, and θ is the opening angle from the midplane as viewed from the central star. The settling of large grains is prescribed as a fraction χ ∈ (0, 1] of the scaleheight of the small grains, so the mass density of large grains is similar to Eq. 2, with f replacing (1 − f ) and χ h replacing h. The vertical distribution of gas is ρ gas = ∆ gas/dust × ρ dust,small ×[1+ f /(1− f )]. The term f /(1− f ) preserves the global ∆ gas/dust outside R cav .
First, we fit the spectral energy distribution (SED), varying also δ gas and δ dust in the inner cavities of both disks. Combined, the SED, the resolved CO 3-2 emission profile, and the CO ladder and [O i] lines constrain Σ dust , h c , ψ, γ, f , χ, the properties of any large inner hole, and to some extent ∆ gas/dust . Fluxes or upper limits of HD lines constrain the mass of warm gas (see also Bergin et al. 2013) . The spectral line profiles of CO and [C i] further constrain the disk temperature and density structure, as 
Notes. ∆ gas/dust is the gas to dust mass ratio. The stellar properties for HD 100546 are from the stellar abundance analysis in this work and differ somewhat from the literature values used in the disk modelling (Appendix A and Kama et al. (2016) . The two main sources of uncertainty are the radial extent of the gas disk and the gas to dust ratio.
Both of our target disks show evidence for radial gaps in the millimetre opacity. We do not presently include these in our modelling, as the thermal structure of both disks is more strongly related to the small grains, traced by scattered light. Shallow radial dips and wave patterns are seen in scattered light (e.g. Ardila et al. 2007; Debes et al. 2013 ), but it is not clear that these represent large variations of UV heating and thus do not yet warrant inclusion in our modelling.
Next, we describe the results of modelling each system. The range of well-fitting values for each parameter is listed in Table 2 , and the disk structures and abundance maps are shown in Appendix D. The stellar spectra are from Bruderer et al. (2012) , France et al. (2014) and Cleeves et al. (2015) , and their UV profile is shown in Fig. 3 . Blackbody spectra of pre main sequence model stars from Tognelli et al. (2011) for an age of 10 Myr are provided for comparison. To illustrate the importance of accretion power, we added UV excess to the 4000 K star corresponding to 10 −9 and 10 −8 M yr −1 of mass flux emitting its complete potential energy at the stellar surface at a temperature of 10000 K. The stellar luminosities are summarized in Table 3 . The range of well-fitting models was chosen by eye through consecutive parameter value refinements totalling about 100 models per source. Fig. 3 . The ultraviolet range of spectra used in this study for TW Hya (red curve, France et al. 2014; Cleeves et al. 2015) and HD 100546 (blue curve, Bruderer et al. 2012 ), compared with blackbody photospheres for pre main sequence model stars with an age of 10 Myr (black curves, Tognelli et al. 2011 ). The two curves labelled 4000 K+UV show a 4000 K stellar photosphere with a 10000 K blackbody added for the accretion rateṡ M = 10 −9 and 10 −8 M yr −1 . See also Table 3 . We obtain 10≤∆ gas/dust ≤300 for the outer disk. The upper limit relies on the HD 1-0 (112 µm) and 2-1 (56 µm) upper lim-its calculated from the PACS spectrum of Fedele et al. (2013a) . This is 0.1 M or ∆ gas/dust 300, adopting our best fit dust mass of 8.1 × 10 −4 M . The corresponding surface density law is Σ gas 150 (r/50 au)
2 × 10 −4 to match the CO lines, which however leads to the atomic carbon lines being overpredicted.
We find [C]/[H] gas = (0.1 − 1.5) × 10 −4 and a C/O ratio that is solar to within a factor of a few. This uncertainty is mostly due to the limited constraints on the gas to dust ratio. −5 , assuming a solar C/O ratio. For this ∆ gas/dust , a carbon abundance of 10 −4 overproduces the CO ladder by a factor of ten and the [C i] detection by a factor of two. Decreasing the oxygen abundance such that the C/O ratio is above unity improves the fit on the CO ladder, but leads to an even more substantial overprediction of the [C i] 1-0 transition.
Using the dust disk model of Mulders et al. (2011) and a wide range of constraints on the disk and stellar properties, Bruderer et al. (2012) −4 (interstellar) to 1.2 × 10 −5 (depleted from the gas by a factor of ten). Our results from above are consistent with these values.
Our analysis of the stellar photospheric abundance (Appendix A) is consistent with the star accreting carbon-rich gas, as would be expected in a system where volatile carbon is not depleted from the gas into planetesimals. We return to this in Section 6.3.
The [O I] 63 µm and 145 µm lines are always underproduced by factors of 2 to 4, and the spectrally resolved [C II] emission by a factor of ∼ 5. The latter line is single-peaked and very likely contains substantial emission from a residual circum-disk envelope (e.g. Fedele et al. 2013b,a; Dent et al. 2013) . As a consistency check, we calculate the envelope emission assuming n H 2 = 10 4 cm −3 , a spherical radius of 10 3 au and an abundance 10 −4 of both O 0 and C + . Assuming T kin ∼ 50 to 150 K, the missing flux is recovered with such an envelope model.
We adopt the ∆ gas/dust =10 and [C]/[H] gas =10 −4 model for HD 100546 in the rest of the paper, unless explicitly noted.
TW Hya: carbon and oxygen are underabundant
The results for TW Hya are shown in Fig. 5 . Maps of the abundance and line emission of key species for a typical well-fitting model, with [C]/[H] gas = 10 −6 , are shown in Fig. D.2 . We show the spectral energy distribution (SED, top left panel), the [C i] 1-0 and CO 3-2 and 6-5 line profiles (top middle), the radial cut of CO 3-2 intensity from ALMA (top right) and the compilation of spectral line fluxes (bottom panel). Constrained by the spatially resolved CO 3-2 data (Rosenfeld et al. 2012) , our best-fit models have a radially steeper temperature profile and smaller radius than the models of Cleeves et al. (2015) .
TW Hya was the first disk where the gas mass was constrained using the HD 112 µm transition ). Our best-fit disk mass, M disk = 2.3 × 10 −2 M , is within a factor of two of the original range (≥ 5 × 10 −2 M ). An additional feature of our model is that it reproduces the HD 56 µm line, which will be presented in a forthcoming paper (Fedele in prep (Miotello et al. 2014) . Since HD constrains the gas mass, in our case the uncertainty of a factor of a few falls on [C]/[H] gas , but is somewhat mitigated by the complementary constraints from [C i] and [C ii]. We will return to this in a companion paper (Miotello et al. in preparation) . Overall, we find that both carbon and oxygen must be substantially underabundant in the gas, with a The Herschel/PACS upper limits on the high-J CO lines ) also constrain [C]/[H] gas < 10 −4 . The CO 23-22 line is formally detected, but a recent re-analysis (D. Fedele, priv.comm.) suggests it is blended with an H 2 O line and we thus treat it as an upper limit.
Based on C
18 O emission and the HD gas mass, an elemental gas-phase carbon and oxygen deficiency of a factor of 10-100 was already inferred for this disk Bergin et al. 2013; Favre et al. 2013; Du et al. 2015) . Our models confirm these results.
Modelling of C 2 H and constraining the C/O ratio
C 2 H is another tracer of the carbon chemistry in the disk surface layers. The hydrocarbon chemistry in our network extends only up to C 2 H and C 2 H 2 . In addition to data from UMIST06, we include the reactions C 2 H + H 2 → C 2 H 2 + H, with an activation barrier of E a = 624 K (UMIST12), and C 2 +H 2 → C 2 H+H, with E a = 1469 K (Cernicharo 2004 ), but their effect on the results is not substantial. We note the latter reaction has been studied at high pressure, and the rate may not apply at disk conditions. The ring-like morphology of C 2 H emission around TW Hya led Kastner et al. (2015) to invoke the photodestruction of hydrocarbons and small carbonaceous grains as a source. We have not included this process in our network.
In our best-fit models, we keep C/O ratio at the solar value. This underproduces the C 2 H fluxes in TW Hya by a factor of 100, while the upper limits for C 2 H in HD 100546 are a factor 1000 above the models. The C 2 H abundance may be enhanced or decreased depending on the carbon-to-oxygen ratio of the gas. If C/O 1, hydrocarbons start to become much more abundant. To test this, we ran models with a decreased [O]/[H] gas , making C/O = 1.5. For TW Hya, this makes the modelled C 2 H fluxes consistent with the observations and somewhat improves the match for [O i]. We plot the results in Fig. 5 . For HD 100546, however, the models now lie a factor of fifty above the observational upper limits. Qualitatively, we can conclude that the models suggest a stronger depletion of oxygen than carbon in the outer disk gas of TW Hya, while for HD 100546 there is no evidence for such a differential depletion. Full modelling of C 2 H is outside the scope of this paper. 
The locking and release of volatiles in disks
We have confirmed earlier findings by Bruderer et al. (2012) , Favre et al. (2013) , and Du et al. (2015) that the gas-phase volatile carbon and oxygen are underabundant by two orders of magnitude in the TW Hya disk, while they are roughly interstellar or moderately underabundant in HD 100546. In Fig. 6 , we compare the derived [C]/[H] gas ranges for these disks with the photospheric abundance of carbon in HD 100546 and in a large sample of other Herbig Ae/Be stars (Acke & Waelkens 2004; Folsom et al. 2012) , as well as with the interstellar and solar carbon abundances (Asplund et al. 2009; Cardelli et al. 1996; Parvathi et al. 2012 The identified pattern -a strong underabundance in a cold disk and at most moderate underabundance in a warm disk -is consistent with a scenario where vertical mixing transports gas from the disk surface into the cold midplane, where CO, H 2 O, hydrocarbons and perhaps other C and O carriers can freeze out onto dust grains. We show the main aspects of the depletion for TW Hya in Fig. 7 , where the relevant parameters are shown as a function of height at r=100 au. Our measurement of [C]/[H] gas relies strongly on [C i] and CO emission, and probes mainly the outer disk atmosphere. To remove carbon atoms from this region, they must be transported to the cold midplane, where some of them must then remain. We propose that the systematic loss of carbon is due to freeze-out onto grains which are sufficiently decoupled to have scaleheights smaller than the CO freeze-out height (CO snow-surface, the vertical location where T dust = 17 K). Below, we model this sequestration process and constrain the nature of the main carrier species that freeze out. Finally, we discuss evidence for the evaporation of volatile ices in the warm inner disk of TW Hya.
In what form does volatile carbon freeze out?
What species are the main gas-phase carriers that contribute to the loss of carbon to midplane ices? One possible explanation is that the CO+He + → C + reaction can liberate carbon from CO in the disk atmosphere. Via reactions with H 2 , electrons, and C 0 , hydrocarbon species are then produced (Aikawa et al. 1999) . These may become important reservoirs of gas-phase carbon Furuya & Aikawa 2014) . Alternatively, the sequestration into ices may start with the mixing and freezeout of CO itself. In Fig. 8 , we show histograms of the dust and gas mass fraction in temperature bins of 10 K for our best models of both disks. We can now test which species dominate the loss of volatile carbon from the gas phase in the outer disk. The main agent of underabundance should condense in the colder disk (TW Hya), but not in the warmer one (HD 100546). Note that the freezeout is controlled by the dust temperature.
Using C 2 H 2 as a lower limit for large hydrocarbons, for which the sublimation temperature generally increases with size (e.g. Chickos et al. 1986 3 below the observations. a major gas-phase C carrier. C 2 H 2 is easily able to freeze out in both disks. Some fraction of carbon may be lost as CH 4 and CO 2 , but they are likely not the dominant gas-phase carriers, as both can freeze out in the outer disk of HD 100546. Most gas-phase carbon atoms in the HD 100546 disk have, therefore, not passed through a complex hydrocarbon molecule during the 10 Myr life of the system. This is consistent with chemical models, where CH 4 production usually requires long timescales and CO 2 is produced by thermal or photo-processing of CO-, H 2 O-, and OHrich ices (e.g. Willacy et al. 1998; Furuya et al. 2013; Walsh et al. 2014b ). Observable gas-phase complex organic molecules in the protostellar source Orion KL only contain 15% of the organic carbon locked in Solar System meteorites and comets, suggesting that large amounts of complex organics are produced from simple carbon-bearing species during the protoplanetary disk stage ). All evidence thus indicates that carbon is lost from the outer disk gas predominantly as CO, which is able to freeze out in a large mass fraction of the TW Hya disk, but not in HD 100546. Further grain surface processing of carbon in ices starts from this parent species. The formation of large amounts of complex organics from this is only possible in disks cold enough for CO freeze-out. Figure 8 raises the question of the gas-phase oxygen abundance in the HD 100546 disk, as both disks easily allow for near-complete H 2 O freeze-out. This should facilitate the sequestering of oxygen into midplane ices. In TW Hya, most water ice was indeed inferred to be trapped in the midplane, based on the low H 2 O line fluxes observed with Herschel . Upper limits on H 2 O emission towards HD 100546 (Sturm et al. 2010; Thi et al. 2011; Meeus et al. 2012; Fedele et al. 2013a) (Hogerheijde et al. in preparation, see also van Dishoeck et al. 2014 ).
An analytical model of volatile locking
Two orders of magnitude of gas-phase carbon have been lost from the gas disk of TW Hya, and the processes responsible are likely general and operating on large scales. We present an analytical model for the loss of volatile carbon in a disk, relating a progressing depletion to vertical mixing, freeze-out (ostensibly of CO), and the dust size distribution.
Let r be a radial location in the disk. We assume that gas and the small grains that couple to it at r are constantly vertically mixed, such that they cycle between the disk atmosphere and the midplane. We can remain agnostic as regards the vertical mixing mechanism, as long as the round-trip mixing time t mix can be estimated. In each mixing cycle, let a fraction ∆ X of volatiles get permanently locked in the midplane. Assuming the mixing or diffusion cycle lasts t mix years and the process repeats for a duration of t tot years, we have N = t tot /t mix cycles. The initial abundance X 0 of an element in the disk surface gas will then be depleted to a lower abundance Folsom et al. 2012, stars) ; the stellar and disk values for HD 100546 (star and diamond, this work); the disk of TW Hya (diamond, this work); and lines of sight through the diffuse interstellar medium (Cardelli et al. 1996; Parvathi et al. 2012) . For the Herbig Ae/Be and ISM samples, the median (black symbols) and the full dataset (small gray circles) are shown. The age of TW Hya is t tot = 10 Myr. We adopt a turbulent mixing time t mix = h 2 /ν α , where ν α = α c s h is the parameterized viscosity of Shakura & Sunyaev (1973) , and further set α = 0.01. Taking the disk atmosphere height h, defined here as the region with peak C 0 abundance, at r = 100 au to be 30 au ( Fig. D.2 ) and the sound speed c s = 300 m s −1 , we find t mix = 5 × 10 4 yr. The left-hand panel of Fig. 9 shows ∆ X and N which satisfy X 0 /X 1 = 100 (Eq. 3). An underabundance of a factor of X 0 /X 1 = 100 over 10 Myr corresponds to N mix = 200 and a fractional loss Fig. 8 . Histograms of the fractional gas (solid lines) and dust mass (shaded) in 10 K temperature bins for the full disk of TW Hya (red) and HD 100546 (blue). Freeze-out temperatures of the main species for C and O loss from the gas to ices are marked with vertical dashed lines.
per mixing cycle of ∆ X = 2 × 10 −2 . In one cycle, 98 % of the atoms either do not freeze out, or freeze onto grains that are well coupled to the gas and return to the warm disk atmosphere where they desorb.
We interpret the carbon loss term, ∆ X , as freezeout onto large grains which are settled below the height where volatile carbon freezes out. The likeliest candidate carrier is CO, which freezes out in TW Hya at 17 K . Volatiles that freeze onto grains which have a scaleheight equal to or smaller than the CO snow-surface, where h d = z freeze−out (this happens at T dust = 17 K; see also Eq. 5 and Fig. 7) , stay locked as ices in the midplane, while ices formed on smaller grains eventually get mixed back to the warm surface layers where they desorb. The loss term ∆ X is equal to the fraction of dust surface area contributed by grains which are settled below the CO snowline. We adopt a standard dust size distribution of the form dn/da = C × a −3.5 between a min = 0.005 µm and a max = 10 cm, where C is a constant, and denote the size of the smallest grains which satisfy h d (a h ) = z freeze−out as a min ≤ a h ≤ a max . Note that the maximum grain size here exceeds that used in the opacities in Section 5.2. Assuming that the total surface area of dust above the CO snowline is negligible compared to that below it, we arrive at
This expression for ∆ X is plotted in the right-hand panel of Fig. 9 as ∆ X (a h ). Based on Youdin & Lithwick (2007) , we also plot the grain size at which the dust scaleheight equals the CO snow-surface of z≈8 au. This is a h = 20 µm, obtained from
where h gas = 11 au is the gas scaleheight at 100 au in our TW Hya model, and Ω is the Keplerian frequency at the radial location, Ω(r=100 au) ≈ (10 −10 /π) s −1 in our case. The stopping time in the Epstein regime is Fig. 9 . A model of volatile loss from the disk atmosphere. Left-hand panel: A fraction ∆ X of volatile atoms are lost in the midplane during each of N mix mixing cycles. Eq. 3 is shown for a depletion X 0 /X 1 =100 (solid curve). A theoretical turbulent mixing timescale gives N mix =200 (black dashed line) and ∆ X =2 × 10 −2 (dotted line), consistent with an upper limit of v turb ≤40 m s −1 on the speed of turbulent mixing in TW Hya, which gives N mix ≤1300 (gray dashed line, Hughes et al. 2011) . Right-hand panel: ∆ X from Eq. 4, taking a max =10 cm and a min =0.001, 0.005, or 0.05 µm (solid lines). The smallest grain size settled below the CO freeze-out height at r=100 au in our TW Hya model is also shown (dashed line, Eq. 5).
where ρ d is the dust material density, and ρ gas is the gas density. We adopt ρ dust =3 g cm −3 and, from Fig. D .2, we get ρ gas ≈10 −15 g cm −3 at r=100 au. Figure 9 shows that the observationally determined ∆ X =2 × 10 −2 is consistent with that predicted from a settled dust population whose vertically integrated size distribution is dn/da = C · a −3.5 , with a given a min . However, ∆ X is currently likely much smaller, as we discuss next. While mm-to-cm grains have been directly detected in the inner disk of TW Hya, the disk is strongly depleted of millimetre-sized grains outside of 60 au (Wilner et al. 2005; Andrews et al. 2012 ). Thus, volatile loss onto large grains is likely not very efficient at r=100 au at present, which implies that carbon was removed more efficiently in the past, i.e. N mix < 200 and ∆ X > 2 × 10 −2 . Our results are consistent with a min 0.005 µm.
If the carbon loss happened on the same timescale as the loss of 1 cm grains due to radial migration -t tot ∼10 5 years -we find ∆ X = 0.9. The timescale for coagulation to 1 cm size -t tot ∼10 6 years -yields ∆ X = 0.21. The dust growth timescale may be substantially shorter than this (e.g. Dullemond & Dominik 2005) , in which case ∆ X > 0.21 in the past.
The assumptions and predictions of our simple volatile loss model need to be tested with measurements of [C]/[H] gas in disks covering a range of ages and average temperatures, and we are pursuing such a follow-up programme. It is possible that grain growth provides an additional efficiency boost to the volatile loss process, by trapping some of the ices formed on small, coupled grains in larger particles via coagulation before the small grains can be mixed back to the disk surface (Du et al. 2015) . The timescales of dust growth and vertical mixing are similar, within an order of magnitude, and their competition is not yet well observationally constrained. Direct measurements of the level of turbulence with ALMA show promise for remedying this (e.g. Hughes et al. 2011; Guilloteau et al. 2012; Flaherty et al. 2015) .
The return of volatiles to the gas in the inner disk
Even around TW Hya, large ice-covered grains would eventually radially migrate close enough to the star for the volatiles to evaporate back to the gas phase. The current data do not allow to robustly measure gas-phase elemental abundances in the inner disk for our targets to directly check this hypothesis. We propose to constrain the inner disk gas composition by studying the gas accreting onto the central stars.
Early-type stars, including Herbig Ae/Be stars, have radiative envelopes with mixing timescales that are longer than the timescale for accreting the mass of the stellar photosphere, and their observed photospheric abundances reflect the composition of the accreted material (Turcotte & Charbonneau 1993; Turcotte 2002) . The photospheric abundances of Herbig Ae/Be stars were recently shown to be a predictor of the inner disk gas and dust content (Kama et al. 2015) . This is in contrast to T Tauri stars, which have convective envelopes, where mixing rapidly erases accretion signatures.
Using tested stellar abundance analysis methods for Herbig stars (e.g. Folsom et al. 2012) , we have derived the stellar abundances for HD 100546 (see Appendix A for a full description). HD 100546 displays the λ Boötis phenomenon, meaning it has approximately solar C, N and O abundances but is strongly depleted in refractory elements such as Fe, Si, Mg and Al. The λ Boö phenomenon is thought to be due to the preferential accretion of gas rather than dust (Venn & Lambert 1990) . Intriguingly, Grady et al. (1997) inferred a relative enhancement of the C/Fe ratio in gas clouds accreting onto HD 100546. They further found siderophile elements overall to be depleted in the accreting gas. The above results are consistent with most C being in the gas phase in this disk, and thus being readily accreted onto the star. It also confirms that abundance ratios in the accretion flows do trace the composition of the accreting material.
Photospheric abundances for T Tauri stars are less sensitive to the composition of the currently accreting material, as noted above. Thus the stellar abundances for TW Hya would not reflect the inner disk composition. The connection between photospheric abundances and those in the accreting gas around HD 100546 suggests a way around this limitation, if the composition of the gas accreting onto TW Hya can be determined.
Studies of the UV spectrum of gas accreting onto TW Hya have found the [C iv]/[Si iv] ratio to be about an order of magnitude higher than in most other T Tauri stars, possibly owing to the accretion of silicon-poor (carbon-rich) material (e.g. Ardila et al. 2002; Herczeg et al. 2002; Ardila et al. 2013 ). This appears inconsistent with [C]/[H] gas = 10 −6 and points to the sublimation of carbonaceous species in the inner disk. In order for the refractory silicates to not be accreted, they must remain trapped between the dust sublimation radius (close to the stellar surface for TW Hya) and the radius at which the carbon-rich ices evaporate ( 30 au for CO, 4 au for CH 4 ). This implies an ongoing buildup of volatile-poor large dust particles or planetesimals within 30 au at most. C 2 H 2 and H 2 O were not detected in Spitzer/IRS mid-infrared spectroscopy of TW Hya by Najita et al. (2010) . These observations probe the inner few astronomical units, much further out than the few stellar radii probed by UV observations of accreting gas. The mentioned species are commonly seen in such spectra and may originate from sublimation of ices or from gas-phase production mechanisms (e.g. Pascucci et al. 2009 Pascucci et al. , 2013 Walsh et al. 2015) . Their non-detection may indicate that the dust as well as the gas are depleted in the inner disk, and does not necessarily mean that the volatiles have not evaporated at all. Such inner disk depletions, with dust orders of magnitude more deficient than gas, have been found in ALMA studies of several transitional disks around Herbig Ae/Be stars (e.g. Bruderer et al. 2014; Zhang et al. 2014; van der Marel et al. 2015) , and no doubt high spatial resolution observations of TW Hya will soon shed more light on the matter.
Conclusions
Based on new detections of atomic carbon emission from the disks around HD 100546 and TW Hya, we have revisited the gas-phase carbon abundance in the atmospheres of these disks. The analysis makes use of the DALI code and a range of continuum and spectral line data from the literature. For HD 100546, we also studied the stellar photospheric abundances, and for both systems employed various UV/NIR constraints to discuss elemental abundances in the inner disk.
1. We present the first unambiguous detections of atomic carbon emission from protoplanetary disks, in the sources HD 100546 and TW Hya. 2. For both disks, we fitted fully parametric physical models to the spectral energy distribution, spatially resolved CO emission, and a range of far-infrared emission lines. The most important difference from past physical models is that spatially resolved CO line emission is also reproduced. 3. We confirm earlier findings that the HD 100546 disk atmosphere has either an interstellar gas-phase carbon abundance , and C/O>1). 4. Upper limits on HD emission for HD 100546 put an upper limit of 300 on the gas to dust ratio in the disk.
5. The star HD 100546 has solar-like photospheric abundances of volatile elements (C, N, O) but a strong depletion of rockforming elements (e.g. Fe, Mg, Si). 6. Most carbon atoms in the HD 100546 disk gas have not passed through a hydrocarbon more complex than CH 4 during the lifetime of the system. 7. An underabundance of volatile elements in the disk atmosphere can develop when gas is mixed through the midplane and the temperature there allows freezeout of major carrier species onto settled grains. An analytical formulation of this process is presented in Section 6.2. 8. The volatiles return to the gas in the inner disk, as evidenced by their enhanced abundance relative to refractory elements in the gas accreting onto both stars. lines with variability between the observations, and lines with asymmetries or anomalous profile shapes. This fitting process is identical to that used by Folsom et al. (2012) . The results of this fitting process were checked for consistence against the Balmer line profiles, and a good agreement was found. However, Balmer lines were not used as the primary constraint on Teff or log (g), due to the uncertainties normalizing very broad lines in echelle spectra, and due to the emission in at least the core of the lines.
The stellar properties derived during the photospheric abundance analysis for HD 100546 are Teff = 10390 ± 600 K and logg = 4.20 ± 0.30. The projected rotational velocity is vsini = 64.9±2.2 km/s. Chemical abundances are presented in Table A .1. Microturbulence could not be well constrained for the star, although it is small (< 2 km/s), thus we assumed a value of 1 km/s which is typical for a Herbig Be star (e.g. Folsom et al. 2012 ). An error of 1 km/s in microturbulence would produce an error significantly less than 1σ in all our derived parameters. We find strong underabundances of iron-peak elements as well as Mg, Al, Si, Ca and Sc. However, we find abundances consistent with solar for the volatile elements He, C, N, and O. Chemically, this star appears to be a λ Boö star.
HD 100546 has parallax of 10.32 ± 0.43 mas (van Leeuwen 2007) and a V magnitude of 6.68 ± 0.03 (Mermilliod et al. 1997; van Leeuwen 2007) . Using the bolometric correction of Balona (1994) with our T eff , an intrinsic color from Kenyon & Hartmann (1995) , and a standard reddening law (A V = 3.1 * E(B − V)), we find a luminosity of L = (25 ± 7) L . With our T eff , the luminosity implies a radius of (1.5 ± 0.3) R . Putting the star on the H-R diagram and comparing to the evolutionary tracks of Siess et al. (2000) , we find M = (2.3 ± 0.2) M . The H-R diagram position is consistent with the ZAMS or the end of the PMS, implying an age >6 Myr, consistent with the estimate of van den Ancker et al. (1997) .
Appendix B: Checking for extended emission around HD 100546
A 1000 au scale scattered light halo is seen around HD 100546 (Grady et al. 2001; Ardila et al. 2007) , and the [C ii] emission is single-peaked, also suggesting a compact or extended envelope (Fedele et al. 2013b) . To determine the disk origin of the CO and [C i] lines observed in this study, we performed four additional pointings on the [C i] 1-0 and the CO 3-2 lines (not discussed at length in the paper). These were offset by ±10 in the N-S direction, and by ±5 in the E-W direction. The pointings are shown in Fig. B .1, and the resulting spectra are shown in Fig. B. 2. Considering the red-(N-E) and blueshifted (S-W) sides of the disk, all the spectra are fully consistent with the entire flux originating in the disk. We have also checked that the total CO 3-2 line flux in our APEX data is the same as that recovered from the ALMA observation of Walsh et al. (2014a) . In summary, we confirm that the [C i] 1-0 and CO 3-2 transitions have no off-source contribution and that the CO line asymmetry represents a real azimuthal asymmetry in the disk emission, rather than pointing offsets. Fig. B.1) . The emission strongly peaks at the disk and the red and blue peaks show variation expected from a Keplerian disk observed at the various offsets. 
